A unified description is put forward for the electron transmission through a molecule that is attached to two leads with the molecule being characterized by a single level to be populated by the transferred electrons. In deriving the expression for the current the Coulomb interaction is accounted for between the two extra electrons that may occupy the molecular level. The formation of two distinct transmission channels associated with the neutral and the singly charged molecule can directly be related to this interaction. Moreover, each transmission channel comprises a sequential as well as a direct (tunneling) pathway. The first pathway is realized via hopping transitions between the molecule and the neighboring electrodes. Just this inelastic kinetic process is responsible for the kinetic charging of the molecule. Then, the second pathway takes place against the background of kinetic molecular charging. In particular, it is demonstrated that hopping transmissions which are asymmetric with respect to the two electrodes cause a kinetic current rectification. The transient population of the molecule, realized by the transferred electrons, determines the rectification; the latter becomes rather large for resonant transmission.
Introduction
During recent years a number of different experiments have been described demonstrating strong nonlinear current-voltage (I-V) characteristics of single organic molecules attached to nanoelectrodes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . These nonlinear I-V characteristics are connected with such specific effects like current rectification and negative resistance. The mechanisms being responsible for nonlinear currents are rather well understood. Among others we mention here the influence of the spatial and energetic structure of the molecule, the type of molecule-electrode coupling, the effect of gating conditions, etc. In Ref. [11] , for example, it could be demonstrated that a molecular wire which forms a single chemical bound to one of the metal electrodes and stays in mechanical contact with the other electrode may work as a rectifier. By introducing particular models for the charge transmission through a single molecule the concrete effects leading to current nonlinearities can be identified.
It has been anticipated that within the description of charge transmission through the system ''left electrodemolecule-right electrode'' (LMR-system) the molecule has to be considered as an open quantum system with its discrete energy levels coupled to the continuum of conduction-band levels of the macroscopic electrodes and the multitude of molecular vibrations probably forming a heat bath. The Landauer approach considers the molecule as a center of elastic scattering processes for the electrons, moving directly from one lead to the other. Apparently, such a transmission can also be considered as an elastic tunneling process [5, 12, 13] . Recent extensions of the Landauer theory also include inelastic tunneling processes [14, 15] . An approximate effective Landauer approach that accounts for inelastic phonon processes has been studied in Refs. [16, 17] . This descriptions of the electron transmission through a single molecule reproduces the experimental findings rather satisfactory if the molecule is covalently linked to the leads (which is the case for some types of break junctions [18] ). An agreement between measured data and calculations based on the Landauer approach is less satisfactory, however, for a weak (noncovalent) molecule-lead coupling [10] . The alternative of Landauer approach could be achieved in using the nonequilibrium Green function approach [19, 20] .
Yet another alternative is associated with the nonlinear kinetic theory which is based on nonequilibrium density matrix method. It offers a unified description of charge transmission and incorporates besides the elastic tunneling transmission route also an additional sequential route that is based on a hopping scheme [21, 22] . During the (elastic or inelastic) tunneling processes the molecular orbitals (MOs) are not populated by the transferred electrons. Their population is only caused by sequential transfer [4, [23] [24] [25] [26] , where the transferred electron jumps between the conduction band states of the lead and the molecular levels. In Ref. [21] we could demonstrate that tunneling and the sequential route of charge transmission yield additive contributions to the total interelectrode current provided the population of the molecule by the transferred electrons remains small. If this is not the case the Coulomb interaction between the transferred electrons influences the charge transmission [24, [27] [28] [29] [30] [31] [32] [33] [34] . In particular, this interaction causes specific transmission channels associated with the charge state of the molecule [22] .
The goal of the present communication is to demonstrate in which way charging of the molecule (caused by the hopping processes in the LMR-system) as well as the Coulomb interaction (between the electrons captured by the molecule in the course of the transmission process) control the current formation. We demonstrate that such a control includes a kinetic opening and closing of tunneling transfer routes. All the results on the character of the tunneling and sequential transmission processes will be obtained in using a multi-electron kinetic theory. In doing so, it becomes possible to study the conditions and limitations of the Landauer scattering method. We prove the fact that the molecular charging essentially determines the resonant charge transmission, i.e. the tunneling current is strongly modified by hopping processes of the charge. Since just the forward and backward hopping transitions of the charge specify the transfer kinetics in the LMR-system one can allude to kinetic molecular charging. We also show that at definite conditions the same kinetic charging of the molecule becomes responsible for a specific kinetic rectification of the current.
Model set-up and basic equations
To elucidate the effect of the Coulomb interaction among the transferred electrons as well as of the molecule-lead coupling in controlling the total current through the molecule a particular model is put forward. It includes a single isolated molecular level and we shall neglect an electron-vibrational coupling (cf. Fig. 1 ). Such a simplified description has been also used by other authors before when studying the current formation through a quantum dot [35, 36] or a single molecule [31] . Our main objective for using such a simplified description is to derive analytic expressions for the current which can be directly compared with those following from the scattering approach. Corrections related to important electron-vibration interactions result in some fine structures in the I-V-curves [16, 19, 20, 22, 26, [37] [38] [39] [40] and are not considered here further. Therefore, the derived analytic results describe the coarsened I-V characteristics of the LMR-device with a single active MO. We also assume nonmagnetic leads, the absence of a magnetic field, and a zero-spin state for the neutral molecule. All these simplifications then allow us to use the electronic Hamiltonian of the LMR-system in the form
which corresponds to the so-called Anderson's Hamiltonian [41] . E rk is the energy of an electron with wave vector k in the conduction band of the rth electrode, and V rk defines the transfer coupling between the molecular level with energy e(V) and the rkth band state. The electron creation operators are denoted as a þ rkr and the annihilation operators as a rkr (the electron spin is fixed by r). Respective operators for the molecular level are given by c þ r and c r .
The Coulomb interaction between two extra electrons in the molecular level is taken in the Hubbard form and is defined via the repulsion parameter U [42] . Note that the Hamiltonian, Eq. (1) has been used by various authors to describe electron transfer through an isolated level of quantum dot or a molecule (see, e.g. Refs. [28, 43, 44] ).
Based on the Green's function approach it has been shown in Ref. [43] that charge tunnelling through a particular molecular level strongly depends on the population of the other levels. An alternative description is based on a Fig. 1 . Single-particle picture of the electronic levels in the considered LMR-system (molecular vibrations have been omitted). The LUMO level has been assumed to be separated from all other levels by a rather large energy gap (the chemical potential of the rth electrode reads l r = E F À jejV r , r = R,L). kinetic approach and directly computes the level occupation probabilities. It allows to analyze different nonlinear electron transfer effects associated with the interplay of molecular charging and an asymmetry of the metal-molecule coupling. For inelastic charge transfer, current peaks and a strong negative differential conductance have been predicted in Ref. [28] . Similar effects appear for sequential charge hopping along a molecular wire [24, 29] . The interplay of Coulomb interaction and wire population within an incoherent charge transport regime has been studied in detail in Ref. [45] .
In the present paper, sequential and tunneling contributions to an inter-electrode current are considered, also accounting for the Coulomb interaction between the electrons occupying the molecule in the course of their transmission. Therefore, charge transmission through the molecule is considered as a kinetic process in an open quantum system. A kinetic description supposes the presence of a dissipative environment coupled to the quantum system of interest. If molecular systems are considered the dissipative environment may be formed by inter-and intra-molecular vibrations (phonon reservoir). Neglecting any phonon contribution like in the Hamiltonian, Eq. (1) the dissipative environment is exclusively given by the macroscopic electrodes representing independent electronic reservoirs. Again, the molecule has to be considered as an open quantum system, and respective nonlinear kinetic equations can be used to calculate the electronic level populations [22, 46] . Such a kinetic approach supposes that the width parameters C L and C R (see Eq. (11)) exceed the energies of those vibrations that are involved in the transmission process. (Any vibrational fine structure would be missing in the I-V characteristics.) Molecular I-V characteristics depend strongly on the electrostatic profile in the inter-electrode region [1, 5, 27, 30] . In the most cases it is assumed that the voltage drop occurs only at the molecule-lead contacts, or the voltage is evenly distributed along the entire molecule. Generally, the profile is defined by the distribution of the electronic charge density within the molecule (see the calculations in Refs. [34, 47, 48] ). Analytic considerations of this problem carried out in the framework of a tight-binding approach indicate that the electrostatic drop across the molecule strongly depends on the character of electron delocalization across those MOs which participate in the electron transmission [49] . If strongly delocalized MOs are involved in the transfer process, the voltage profile is not changed across the inner part of the molecule. Thus, the main voltage drop is biased at the molecule-lead contacts as well as the terminal molecular sites. If the localized MOs are responsible for the transmission, the voltage drop covers the whole molecule. In what follows we consider the transmission through a single localized MO. In this case, the electrostatic profile is changed along the whole LMRdevice except a small region of electron localization within the molecule. It means that the energetic shift of the MO is defined by a voltage division factor g [1,5,49] and thus
where e 0 is the position of the single-electron level at the absence of an applied voltage, and V = V R À V L denotes the voltage bias between the right and the left electrode. The current can be deduced from the following standard expression
where _ N L ð¼ À _ N R Þ is the time-derivative of the total number of electrons present in the left (right) lead. Since the quantity
is defined by the (single-electron state) population P Lkr (t) one has to derive a kinetic equation for this quantity. According to the hopping processes the molecular level is populated and the molecule may become singly or doubly charged. The respective molecular occupation probabilities are denoted as W n (t) where n = 0, 1, 2 gives the number of excess electrons present at the molecule. Let P r (t) be the single-electron population of the MO. This value coincides with the probability to find an extra electron with spin projection r at the MO. Then, the W n (t) can be expressed by the P r (t) according to
Note the validity of W 0 (t) + W 1" (t) + W 1# (t) + W 2 (t) = 1, which guarantees the conservation of the probability. The kinetic equations for the single-electron populations P Lkr (t) and P r (t) may be derived from a general nonlinear kinetic equation for the single-electron distribution function derived in Ref. [22] , Eq. (38) . Specified to the present case and, observing Eq. (4), one obtains
Physically, this value determines a total net charge flow from the left electrode to the right electrode. The first contribution on the right-hand side (8) is determined by respective probabilities W n (t) to find the molecule in a particular charged state. In turn, each state is characterized by the single-electron population P r (t) (cf. Eq. (5)) which obeys the following nonlinear kinetic equation
It describes the temporal evolution of molecular charging and discharge in the course of the transmission process. Note that this evolution is characterized by the same rate constants v L(R) (j) and v ÀL(ÀR) (j) that also determine the hopping kinetics in the LMR-system. Therefore, the hopping processes are not only responsible for the formation of the sequential part (7) of the total charge flow (6) but also for the kinetic charging of the molecule. So, we may state that the kinetic molecular charging caused by inelastic hopping processes governs the tunneling current component in changing the probabilities W 0 and W 1" + W 1# , which characterize the occupation of the transient charging states of the molecule. This is a basically new result following from the unified description of charge transmission through a molecule. It follows from the Eqs. (7) and (8) indicating that two different transmission channels are formed in the LMR-device despite the fact that only a single MO participates in the charge transmission. The first channel is opened with probability W 0 while the second one with probability W 1" + W 1# . Fig. 2 shows the kinetic scheme of electron transmission through the LMR-system along with both transmission channels. Molecular charging is achieved by the jump of an electron from the conduction band of an electrode to the unoccupied or singly occupied MO (denoted as MO (0) or MO(1), respectively). The efficiency of the MO(0) ! MO(1) and MO(1) ! MO(2) charging processes is characterized by the electrode-molecule rate constants v L(R) (0) and v L(R) (1), respectively. The reverse transfer processes MO(1) ! MO(0) and MO(2) ! MO(1) lead to a molecular discharge. Now, the jump of an electron from the singly and doubly occupied MO to the empty levels of the conduction band are described by respective molecule-electrode rate constants v ÀL(ÀR) (0) and v ÀL(ÀR) (1) .
In the case of a tunneling process, the flows Q LR (0) and Q LR (1) molecular charge state and, thus, depends on the concrete type of transmission channel. In contrast to electron hopping, the transferred electron only virtually occupies the MO during the tunneling process. (In the mesoscopic physics a similar type of tunneling transmission is known as a co-tunneling [50, 51] .) If a single frontier MO participates in the transmission, the virtual states are formed at the empty MO or at the MO already occupied by a single extra electron. Let the MO be empty and, thus, let charge transmission occur through a neutral molecule. In the pre-resonant region V < V L (0) (scheme (a) in Fig. 2 ), the forward (electrode-molecule) hopping rates v L (0) and v R (0) are much smaller than the backward (molecule-electrode) hopping rates v ÀL (0) and v ÀR (0). Therefore, the (kinetic) population of the MO by an extra (transferred) electron is small. If the MO is in resonance with the Fermi-level of the left electrode (scheme (b) in Fig. 2 ) its population suddenly increases. It is defined by the relation between the rates v L (0)(=v ÀL (0)) and v ÀR (0). In the post-resonant region V > V L (0) (scheme (c) in Fig. 2 ), the MO-population is defined by the relation between the rate constants v L (0) and v ÀR (0). Note that electron tunneling between the electrodes does not alter the charge state of the molecule. Consequently, the charge flow Q LR (0) occurs with the participation of the unoccupied MO. Similar transfer processes appear for charge transmission along the second channel where the transmission takes place through a singly occupied MO. The difference of charge transfer along the two transmission channels is related to the single-electron gaps, Eq. (14) . Because DE L(R)1 (V) = DE L(R)0 (V) + U then the resonant regime of charge transmission along the second channel is switched on at a higher applied voltages V L (1) = V L (0) + U/gjej and V R (1) = V R (0) + U/(1 À g)jej (cf. Eqs. (23) and (24)).
The hopping rates which appear in Eqs. (7) and (9) read (r = L,R)
À1 denotes the Fermi distribution of the rth electrode (E rF is the respective Fermi-energy). Below, for the sake of clarity, we suppose that the left electrode is grounded and thus V L = 0,V R = V. Furthermore, we set E LF = E RF = E F . The quantities
define the molecular level-broadening (C L (E) + C R (E))/2. They are caused by the molecule-lead coupling and may be deduced from the molecular self-energies R L (E) and R R (E) by the relation C L(R) (E) = 2 ImR L(R) (E). If the so-called wide-band approximation can be used their dependence on the transmission energy E remains weak [1, 5, 7, 13] . Thus, setting C r (E) % C r one arrives at the following expressions for the hopping rates v r ðjÞ % ð1= hÞC r nðDE rj ðV ÞÞ; v Àr ðjÞ % ð1= hÞC r ð1 À nðDE rj ðV ÞÞ: ð12Þ
The quantity
gives the electronic distribution function with the voltage controlled transmission gaps (cf. Fig. 3 ) According to the wide-band limit the tunneling flow takes the form
where the transmission function for the jth tunneling channel reads
The flow Q LR (j) is identical to the integral inter-electrode electron transfer rate. But in contrast to the electrodemolecule hopping rates v L (j) and v R (j) (as well as the backward rates v ÀL (j) and v ÀR (j)) which describe electron transfer in the second order with respect to the leadmolecule coupling, the quantity Q LR (j) accounts for the transfer processes in an infinite order of lead-molecule coupling. However, if the level broadening (C L + C R )/2 in the denominator of the transmission function (16) is ignored, one arrives at an expression which is of forthorder with respect to the lead-molecule coupling. This result can be also derived in the framework of a kinetic description of electron transfer [52] if one expands the respective relaxation operator with respect to the leadmolecule coupling.
Current through the isolated molecular level
Having the Eqs. (3) and (6)- (9) at hand we will concentrate our subsequent discussion on the stationary regime where the molecular level populations P " (t) and P # (t) become time-independent. Moreover, in the absence of a magnetic field we may set P " (t) = P # (t) P(t) which in turn leads to the following expression for the stationary current
The overall current consists of a part related to sequential charge transmission and a part related to a direct electron transfer. Moreover, each contribution is composed of two transmission channels related to the neutral molecule (j = 0) and to the singly charged molecule (j = 1). The sequential component of the current moving through the jth channel reads
whereas the related direct current component takes the form
Here
is the tunneling current following from the Landauer scattering theory, applied to the case of a single molecular level. Note here also the introduction of I 0 = (jej/ p h) · (1 eV) % 80 lA. The molecular single-electron population P appearing in the Eqs. (18) and (19) follows as the stationary solution of Eq. (9), i.e. with P " (t) = P # (t) P(t) = P 
Results and discussion
In the following we present a detailed discussion of the Eqs. (17)- (21) . Main attention is focused on the interplay of the sequential and the direct transmission routes responsible for the formation of the total current (17) . The main result of the present consideration is the fact that inelastic hopping processes not only form the sequential route for a charge transmission through the molecule but also control the tunneling route. Such a control occurs via the kinetic charging of the molecule caused just by the forward and backward hopping processes. Therefore, charge transmission takes place along two channels related to the neutral (j = 0) and the singly charged (j = 1) state of the molecule [53] . Transmission along the first channel corresponds to a pure single-electron transfer. At the same time, a singleelectron transmission along the second channel includes the Coulomb interaction between the incoming electron and the electron already captured by the molecule in the course of the hopping process. The resonant transmission along the jth channel is switched on if jVj P V r (j) (r = L,R), where V r (j) is the resonant voltage. Its actual value is determined by the condition DE rj (V) = 0. As it follows from Eq. (14) the energy gap DE Lj (V) vanishes only at positive voltages. This yields
In contrast, the energy gap DE Rj (V) only vanishes for negative voltages and, thus, we have
The difference between the voltages V L (j) and V R (j) is completely determined by the voltage division factor g. In the framework of the standard scattering theory of electron transmission it is just this factor that determines the electrostatic profile as well as the asymmetry in the I-V characteristics of the molecule [1, 3, 49] . Actually, the Landauer expression (20) is symmetric with respect to an interchange of the width parameters (11) . Thus, the asymmetry is only associated to the energy gaps (14) which are identical if g = 0.5. Therefore, at g = 0.5 the I-V characteristics displays the symmetry condition
Our unified description shows that a current asymmetry can appear even at a symmetric electrostatic profile, provided that the hopping processes between the molecule and the electrodes are asymmetric so that C L 5 C R . To illuminate this result in we assume a symmetric profile with respect to the leads and set g = 0.5, what results in V R (j) = V L (j). Therefore, the resonant transmission regimes are switched on at symmetric voltage biases, V = V L (j) and V = ÀV R (j).
As an example, let us consider the direct current through the first transmission channel. Fig. 4 shows that a unified description as well as the scattering theory leads to identical results only in the pre-resonant voltage regions 0 6 V < V L (0) and 0 P V > ÀV R (0). In these regions, the electron hopping transfer from the left (right) electrode into the molecule appears as a thermally activation process with positive energy gaps DE L0 (V) and DE R0 (V) (cf. Figs. 2 and 3 ). Therefore, in the pre-resonant regions, the hopping transfer results in a small population of the molecule by the transferred electrons only, i.e. P = P(V) % 0. It then follows that I dir (0) % I L (0). The situation changes drastically when V P V L (0)(V 6 ÀV R (0)), where a resonant electron transfer through the molecule becomes possible. Now, the energy gap DE L0 (V)(DE R0 (V)) becomes negative and the moleculelead hopping transfer does not require any thermal activation (cf. Fig. 2) . This results in a sudden rise of the population of the molecule by the transferred electrons.
Eq. (21) shows that in the post-resonant regions the singleelectron populations reduce to
If the molecule is symmetrically coupled to both leads the width parameters coincide (C L = C R ) and the population P = P(V) becomes an even function of V, cf. the insert in Fig. 4a) , i.e. we obtain I dir (0;V) = ÀI dir (0; À V). If, however, C L 5 C R , then the hopping transfer becomes asymmetric. It results in an asymmetric transient population of the molecule by the transferred electrons (note the inequality P(V) < P(ÀV) which is valid at 0 6 V < V L (0) and 0 P ÀV > V R (0), cf. also the insert in Fig. 4b) . Consequently, the direct current is also asymmetric. Fig. 4b demonstrates this behavior for C L < C R . In this case and in the voltage region 0 6 V < V L (0) the transition of an electron from the molecule to the right electrode is much faster than the transfer of an electron from the left electrode into the molecule. If, however, 0 P V > ÀV R (0) the reverse behavior takes place, i.e. the transition of an electron from the molecule into the left electrode is less effective than the transfer of an electron from the right electrode into the molecule. Just these asymmetric hopping transitions are responsible for the above mentioned differences between the single-electron populations at 0 6 V < V L (0) and at 0 P V > ÀV R (0). The nonsymmetric increase of the single-electron population results in an asymmetry of the current at V > 0 and V < 0 and, thus, in the appearance of a rectification effect. However, in the given case the rectification is not caused by a nonsymmetric shift of molecular level under the applied voltage (such a shift is associated with a voltage division factor g if only the latter differs from 0.5). Rectification appears even at g = 0.5. It is determined by nonsymmetric kinetic processes in the LMR-device caused nonsymmetric charge hopping between the molecule and each electrode. Therefore, one can say about specific kinetic rectification. (Here, and in what follows we illustrate the theoretical results choosing the parameters at which the calculated currents are in the lA range. Despite this seems high values for a single molecule, nevertheless, such currents are observed for small organic molecules [8, 48, 54, 55] .) Fig. 4b shows the I-V characteristics for a direct electron transfer and a restriction to the first transmission channel only. The complete direct electron transfer, however, involves two transmission channels which are related to the charged state of the molecule. The efficiency of each channel is determined by the strength of the Coulomb interaction between the extra electrons occupying the molecule in the course of the transmission process. As an example between the I-V characteristics derived at U = 5 eV (Fig. 4b) and U = 2 eV (Fig. 5) . In both cases, only a single resonance region appears. This indicates that the second transmission channel contributes only weakly. Such a situation changes if the Coulomb interaction becomes comparable to the (unbiased) energy gap DE(0). Now, the new resonant voltages, V L (1) and V R (1), are also positioned in the voltage region [À3, +3] V where already the resonant voltages V L (0) and V R (0) are located. If V = V L (1) and V = ÀV R (1) a new sudden increase of single-electron populations takes place where the latter are given as
In the case C L = 0.1C R under consideration, these populations exceed those given by Eq. (25) , especially at V < 0. Each sudden increase of P modifies the direct current component. In Fig. 4 , the I-V characteristics have been calculated for DE(0) = 0.3 eV and U = 0.5 eV. Consequently, the resonant regimes for the first and the second transmission channels are switched on at V = V L (0) = 0.6 V (V = ÀV R (0) = À0.6 V) and V = V L (1) = 1.6 V (V = ÀV R (1) = À1.6 V), respectively. This can be clearly seen at negative voltages where the sudden increase of the molecular population is much stronger as that for the similar increase at positive voltages. In the negative voltage region, each increase of the population is accompanied by the appearance of a current peak (cf. the insert of Fig. 5 ) and thus by a respective negative differential resistance. The formation of the peaks is completely correlated with a sudden increase of the MO's electronic population P. If the resonant regime is reached it changes from P = 0 up to P = 1/2.1 % 0.48 for the first transmission channel and from P % 0.46 up to P = 1/ 1.1 % 0.90 for the second (cf. the insert to Fig. 5a as well as Eqs. (25) and (26)). At the same time, the absence of such peaks in the region of positive voltages is dictated by a small sudden rise of the populations from P = 0 up to P = 0.1/1.2 % 0.08 and from P % 0.08 up to P = 0.1/1.1 % 0.09 for the first and the second transmission channels, respectively. Such a small change of the populations is compensated by a monotonous increase of the tunneling component (20) with V.
Next, let us consider the formation of the sequential current component (18) . The related I-V characteristics display certain steps as shown in Fig. 6 which follows from the fact that up to room temperatures the distribution functions (13) are close to the unit-step functions. Therefore, we obtain
The first threshold occurs at V = V L (0) (or V = ÀV R (0)) and reflects the resonant opening of the first transmission channel. Apparently, the sequential transfer route starts with an electron jump from a lead band-level into the neutral molecule. Thereafter, the electron jumps further from the molecule into an empty band level of another electrode (cf. the scheme in Fig. 2 ). It follows from the Eqs. (17), (18) and (25) that the resulting current is given by the expression The second threshold in the I-V characteristics appears at V = V L (1) (or V = ÀV R (1)) corresponding to the resonant opening of the second transmission channel where the electron jumps into an already singly charged molecule. According to the Coulomb interaction of the incoming electron with the electron already present in the molecule the second resonance is shifted to larger values of the applied voltage. Afterwards, one of the two electrons localized at the molecule jumps back to another electrode. In such a case where two transmission channels are involved in the current formation one obtains
This expression indicates that in the case where both transmission channels participate in the formation of the sequential transfer route the rectification disappears. This is in a strong contrast to the behavior of the current related to the direct transmission route, see the behavior in Fig. 5 vs. Fig. 6 ).
Note that in the pre-resonant regions 0 6 V < V L (0) and 0 P V > ÀV R (0) the current component of the direct transfer exceeds the component related to the sequential transfer (the latter is equal zero). In the post-resonant region V > V L (0), the transmission along both routes results in nearly identical contributions to the total current, while in the post-resonant region V < ÀV R (0) the sequential current component exceeds the direct one. Accordingly, the actual I-V characteristics of a molecule can rather well be estimated if the sequential and the direct transfer routes are taken into consideration.
Conclusions
In the present communication we analyzed the electron transfer through a single molecule attached to two electrodes. Our unified description of charge transmission developed earlier combined with the restriction to a single molecular level to be occupied allowed us to describe the tunneling and sequential route of transfer in using a minimal set of parameters. These are: the width parameters C L and C R , the voltage division factor g, the unbiased energy gap DE(0), and the strength of on-site Coulomb repulsion U. It could be shown that the sequential and the tunneling route of electron transfer occur through two transmission channels associated with the neutral as well as with the singly charged molecule. Both mentioned molecular states as well as the doubly charged state comprise the set of states possible for a single level.
Transitions between these charging states are determined by single-electron electrode-molecule/moleculeelectrode hopping processes. If a stationary regime of the current is established, then the weight of each molecular charging state is determined by the relation between these hopping rates. Noting that a tunneling transfer does not change the molecular charge, one realizes that just the inelastic sequential mechanism of charge transmission becomes responsible for a kinetic recharge of the molecule. As a result, the tunneling occurs against the background of kinetically controlled molecular charging states. It is helpful to analyze the correlation between the single-electron MO-population P and the I-V characteristics (compare the insert and the current plot in each of the Figs. 4-6) . Accordingly, the tunneling component of the current is modified by inelastic hopping processes. To underline this fact we used the term ''direct current'' instead of the term ''tunneling current''. Note that a formation of the direct current is associated with both, the virtual and the real occupation of the empty or singly populated MO by the transferred electrons.
Electron transmission accompanied by a virtual population of the MO is similar to the co-tunneling process known from mesoscopic physics [50, 51] . The efficiency of the direct tunneling strongly depends on the kinetic population of the MO by the extra electrons which really populate the MO according to the incoherent hopping process. Thus, direct tunneling can be referred to as co-tunneling which is controlled by a kinetic charging of the molecule. Direct tunneling also appears in a resonant regime where the molecular recharge (by the electrode-molecule/electrode-molecule electron hoppings) becomes significant. The expression for the direct current component, Eq. (19) clearly displays the noted control: a direct current component is formed owing to a tunnelling transmission (with the virtual population of the MO), and it is characterized by a tunneling current I L (j), Eq. (20) . However, the probability W j (where W 0 = (1 À P) 2 , W 1 = P(1 À P)) to incorporate the jth tunneling pathway into the formation of the direct current is exclusively defined by incoherent hopping processes responsible for a real population of the MO. It follows from the fact that the single-electron population P only depends on the relation between the hopping rates (cf. Eqs. (21) and (22)).
In the wide band limit, the hopping rates are expressed through the width parameters C L and C R as well as the electronic distribution functions, Eq. (12) . The latter are defined by the voltage controlled energy gaps (cf. Eq. (14) and Fig. 3 ). When one of the gap becomes negative, a resonant regime of transmission is switched-on changing substantially the character of the jumps. Resonant jumps lead to a step-like behavior of the molecular level populations P " = P # = P and thus to a molecular recharging. It could be demonstrated that at an asymmetric coupling of the molecule to each electrode (C L 5 C R ), a kinetic change of the molecular charging state leads to a specific (kinetic) rectification of the tunneling transmission even though the electrostatic profile along the molecule remains identical at positive and negative voltages. A LMR-device with a symmetric potential profile in the inter-electrode region (g = 0.5) and, simultaneously, with asymmetric contacts (C L 5 C R ) can be fabricated utilizing a symmetric molecule with nonidentical terminal atoms. To organize a transmission regime with a single active molecular level becomes, probably, possible if the molecule includes a metallic ion (e.g. ion Cu 2+ ) the atomic orbitals of which are able to create a well separated LUMO (HOMO) with other atoms. In the present studies, we analyzed the current asymmetry caused by the asymmetry in the hopping molecular-electrodes processes. If, additionally, an asymmetric voltage distribution along the molecule occurs the factor g differs from 0.5. In this case, resonant voltages (23) and (24) do not coincide and thus a resonant switching on the transmission channels occurs at different positive and negative voltages. It means that the current asymmetry is now achieved owing to both the asymmetric shift of the active molecular level (caused by the applied voltage) and the asymmetric molecule-electrode hopping processes.
The results based on the unified description of electron transfer process show that in the resonant regime of electron transmission, the tunneling component of the current becomes strongly modified by the hopping processes via the alteration of the charging state of the molecule. This conclusion has to be considered as the main result of the present studies.
